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1. 0 INTRODUCTION AND SUMMARY

The DSCS Modulation subsystem must interface with a channeljcomposed of transmitting and receiving earth terminals, the uplink
and downlink paths to and from the satellite, and the satellite, as
in Figure 1.

EDt
A

Information] nomto

A

Figure 1. DSCS Modulation Subsystem Interface

The modulation subsystem is required to utilize phase shirt
key modulation to pass digital information over the satellite link
and to recover this data at some specified error rate. In order to
meet this requirement, the modulation subsystem employs coherent

4j demodulation of the signal at interface A cf Figure 1. However,
coherent demodulation and thus the realizable error rate Is depen-
dent upon perfect carrier regeneration. Therefore, any errors In

' carrier tracking will subsequently degrade the achievable error
I ~rate. The major source of errors in carrier trackirij'results fromI the randomness of the carrier Input to the modulation subsystem.

I Essentally, the system causes the carrier to become random and
Introduces additive thermal noise. In order to restrict induced
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corruption to the input signal, it is necessary to specify the

carrier spectral purity.

This report discusses the subjects of spectral purity, imper-

fect carrier regeneration, and error rates. The various relation-

ships required to identify the effects of the modulation subsystem

input spectral purity on the realizable error rate are derived.

Utilizing the relationships developed, a general specification of

the spectral purity of the modulation subsystem input is defined.

Essentially, an approach to specifying system spectral purity

requirements on the basis of a tolerable degradation to the
probability of bit error has been developed.

2.0 SPECTRAL PURITY

The composite effects of many phenomena in the system cause
the carrier to become a random process. Rather than isolate each
of these phenomena, their composite effects may be viewed as if

due to one source, "phase noise".

If a signal were to have all of its power concentrated at

the carrier frequency, it would be spectrally pure. Phase noise
causes the power in a signal to be spread out over frequencies

other than that of the carrier. Thus, phase noise reduces the

spectral purity of a signal.

There are various parameters that can be utilized as measures

of spectral purity. Three of these parameters will be discussed in
this section; Spectral Density, Incidental FM, and Frequency

Stability.

2.1 SPECTRAL DENSITY

The power spectral density of a random process is a fundamen-
tal measure of spectral purity. It provides complete information

about the frequency distribution of the average energy of a random
process. Spectral density is defined[6 1 as in Equation (1).

Sn(W) = i -ndt)eJWT d- (1)

2
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i.:,ere Rn(T) autocorrelation function of the r.p., n

Of major concern is the spectral purity of the carrier at

the input to the modulation subsystem.

If this carrier is such that,

I. Its sidebands are orders of magnitude smaller than the

carrier;
2. The AM power spectral density is negligible;

3. The mean square value of phase is much less than 1 rad ,

[41
its spectrum can be represented as

1 - P/2 [S (w + w) + So)) (2)

where P = carrier power

SRF(w) = two-sided power spectral density of carrier at input to
modulation subsystem

S (w) = two-sided power spectral density of phase noise

w ( = carrier frequency

It should be noted that Equation (2) holds for all frequencies
except those within a small region of ±wo.

From Equation (2), it is obvious that only S ,(w), the phase
noise power spectral density need be specified in order to specify
the spectral purity of the modulation subsystem input carrier.
Therefore, the subsequent discussions will center on S (w) rather
than SF(w).

2.2 INCIDENTAL FM

Incidental FM is a common term, often used to describe the
effect of phase noise. Typically, the parameters af, the rus fre-
quency deviation measured in a band of "B" Hz, and f., the modulating

frequency associated with Af, are employed in defining Incidental

FM. It can be shown (see Appendix A) that Af, fm and S (w) are
related as in Equation (3).

'4. 3
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f 2 - 4B fm2 S (-ffm) (3)

Since only positive values of &f are meaningful, Equation (3)

indicates that Af Is a unique function of S (w). Therefore, a
specification of S (w) adequately suffices as a specification of

Af and fm.

2.3 FREQUENCY STABILITY

Frequency stability represents a third approach to describing
the effects of phase noise. The parameter most consistently
utilized to define frequency stabilit is the average fractional

frequency departure of Equation (4).

[< >t,] 2 s (w) s2 ui1/2 dn2

2 )'2

w = reference frequency0
7 = averaging time

<">t = time average, over a period r centered at tot the

frequency departure, ý

It should be noted that Equation (4) is based on the assumption
that ; exists for all time. In actual practice however, the value

2of a [<4> t,3 must be determined on the basis of a finite number of
samples of <40>tr. Allan[9] has shown that under the conditions of
a finite number of samples the value of a2[4c3>t, I can be dependent
on the following parameters:

N = number of samples of <ý>tT

T = period of sampling
T = sample time

wB = measurement system bandwidth

These parameters are directly related to the measurement technique
utilized to evaluate the average fractional frequency departure.
Nevertheless, the fundamental parameter in determining a ([<>t,T]

is still the power spectral density, S (w) which is independent of
the measurement technique employed.

4 , - -7"-



Since both incidental FM and frequency stability are unique

functions of the phase noise power spectral density, it is only

reasonable that S (w) should be utilized as the fundamental para-

meter for specifying spectral purity. It will also be shown in

subsequent sections that S (w) is a useful parameter in the analysis

of carrier tracking errors. Another important feature of S (w) in

that it is commonly used in industry as a measure of spectral purity.

2.4 PHASE NOISE SPECTRAL CHARACTERIZATION

Phase noise may be characterized as a phenomena which essen-

tially spreads out the power in a carrier. That is, the carrier

no longer has a discrete line power spectrum but a continuous

power spectral density. There are several types of phase noise

each easily characterized by its power spectral density as in

Table I.

TABLE I. PHASE NOISE CHARACTERIZATION

Type of Phase Noise Power Spectral Density

1) Random walk of frequency S3(w) h 4

2) Flicker of frequency S(w) = h3/1w3

3) White frequency S(w) h2/w

4) Flicker of phase Sq,(w) = hl/{

5) White phase S ) ho

It should be noted that the hi of Table I are constants.

Typically the carrier at the modulation subsystem input will

have a spectrum made up of one or more of the five types of phase

noise in Table I. For instance, flicker of frequency might dominate

in a region close to the carrier and white phase might dominate

further away from the carrier. In general, a model of the carrier

epectrum can be constructed from the typesof phase noise listed

in Table I.

2.5 ADDITIVE WHITE GAUSSIAN NOISE

The previous discussions in this section have centered on
the spectral density of the carrier, However, the actual signal
with which the modulation subsystem must deal consists of a carrier

k component and a noise component. The noise component is typically

5AA
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additive white Gaussian noise. Since the carrier and the additive

noise -re statistically independent, their composite power spectral

density is Just the sum of the power spectral density of each.

Therefore, using Equation (2) a composite spectral density can be

defined as in Equation (5).

S.) = SRF (wn) + N0 /2 (5)

where Sc(i) two-sided spectral density of carrier plus white

noise

N - one-sided spectral density of white .,oise0

SRO(w) = is as defined in Fquation (2).

2.6 MEASUREMENT OF PEASE NOISE SPECTRAL DENSITY

There are two commonly employed approaches to the measurement
of the spectral density of phase noise.

The first approach involves passing the corrupted carrier

plus noise through an ideal phase detector. The output of the
phase detector is then spectrally analyzed. This technique is
common in the oscillator and frequency synthesizer industry.

A second apprrach involves direct spectral analysis (B Hz band)
of the corrupted carrier plus noise. It should be ncted that this
technique is meaningful only under the conditions for which

Equation (2) holds (see Section 2.1). The conditions for Equation
(2) essentially insure that the carrier spectrum sidebands are of

the same shape as the phase noise spectrum.

S =) =-P/12 E%((w + w)+ S (w- w) (2)

Both approaches provide measures of the phase noise power
spectral density S%(w). This information is typically displayed
on a phase noise power to carrier power ratio vs offset frequency

plot as in Figure 2. The phase noise power to carrier power ratio
for approach 2 is related to the phase noise power spectral density

as in Equation (5a) (see Appendix B).

"" ! 6
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N(
=-S (s2nf)B + r- B (5a)

where B = band in which power is measured in Hz.

It should be noted that Equation (5a) holds only for small

values of B.

NB

P

85 dB----------

N
oB

- P

W -W6 *O W+ W'I'm

Figure 2. Phase Noise Power to Carrier Power Ratio vs
Offset Frequency w. as Measured in a B Hz Band

N The major disadvantage inherent in both measurement approaches

is that the spectrum cannot be identified in a region B Hz wide

around the carrier, However, as long as

B <<fn

fn = natural frequency of the carrier tracking loop

this region of the spectrum contributes negligibly to the carrier

tracking error. Therefore, it does not constitute a major obstncle.

Nevertheless, the region of the spectrum close to the carrier does

determine the long term action of the carrier. Therefore, long

term frequency stability for pertinent averaging times should be

Specified. The subject of long term frequency stability will be(dealt with in a subsequent report. A more detailed discussion of

exact measurements techniques will also appear in a subsequent
report.

7
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3.0 DEGRADATION IN ERROR RATE

Coherent demodulation is employed in the modulation subsystem
to insure that digital information is recovered at the lowest
possible error rate. However, coherent demodulation and thus the
realizable error rate are dependent on perfect carrier tracking.
Therefore, any errors in the carrier tracking loops will tend to
increase the probability of error of the recovered data bits. In
order to determine the degradation due to carrier tracking errors,
a general relationship between the probability of error and the
carrier tracking error must be derived.

3.1 RELATIONSHIP BETWEEN PHASE ERROR AND PROBABILITY OF ERROR

The exact relationship between the conditional probability of
error and the carrier tracking error due to a Costas loop appears
in Equation (6)E1]

Pc(me) = Erfc[•/ cos peJ (6)e e

where Pe(e) - probability of error given the phase error ce
e e ST

N
0

S= signal cross correlation coefficient
S = signal power

Ts = duration of symbol bit
No = one-sided spectral density of the input white

Gaussian noise

Equation (6) can be rewritten for the case of antipodal PSK
modulation to give,

1)[2E 5 B 2
P e(Me) = Erfc cos cv(

0 -

where E. = STs = energy per symbol.

It should be noted that cpe in Equation (7) is a random variable.
Therefore, the conditional probability of error is also random. It
can be shown that if the variance of eve is relatively small, the

( average value of Pe(we) is defined by Equation (8)Y7

8 8
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P =Ef? (qfl I ErfoF (8a

where P = average probability of data bit error

ae = variance of the carrier tracking errors

The factor (l - ae 2) in Equation (8) reduces the effective
value of EIsNo and thus increases the probability of error. There-

fore, a degradation factor due to imperfect carrier regeneration

can be defined as follows,

L =-l0 log1 0 (l - 0e 2 ) d (9)

L as defined in Equation (9) indicates in dB the reduction
in E /N due to imperfect carrier regeneration.

4.0 EFFECTS OF SPECTRAL PURITY ON ERROR RATE

In Section 2, the power spectral density was identified as a

fundamental measure of carrier plus noise. In Section 3, the vari-

ance of the carrier tracking error was indicated as a source of

degradation in the probability of error. In this section a rela-

tionship between the composite carrier plus noise power spectral

density and the mean square carrier tracking error will be derived.

From this relationship the effects of spectral purity on error rate

can be determined. Throughout the discussion, the tracking loop error

N will be required to be small and of zero mean. Thus, a linear

analysis of the Costas Loop may be employed.

4.1 MEAN SQUARE CARRIER TRACKING ERROR

Utilizing linear system theory for random processes the mean
square carrier tracking error due to phase noise can be shown to be

M

a l f 3(W) 1I1l H(J w)1'2 dW rat? (io)
2

where 0 e = mean square carrier tracking error due to phase noise

S (w) = power spectral density of phase noise

H(w) = closed loop transfer function of linear phase lock

( loop theory

9
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Another source of tracking error that is of significance in

the DSCS is doppler rate. Utilizing linear system theory it can

be shown that the mean square carrier trading error due to doppler

rate fld is[3)

s= De 2 . .j rad2  (11)

where wn = natural frequency of the 2nd order loop of linear

phase lock loop theory

'd = doppler rate in Hz/sec 2

The third source of carrier tracking error is additive white

Gaussian noise. It can be showL3 1 that the mean square error due

to additive white noise is

cr2 N 0  1  Tr 8Hj) a

2 o N 1 Jj 2 dw rad2

n 2P I H-jw)

No = one-sided noise density

P = carrier power

H(jw) = closed loop transfer function of linear phase lock

loop theory

Equation (12) may be rewritten as

'n2E N 1 fR ILH(Jw)12d rad2  (12a)

The noise density of Equation (12a) should be modified to

reflect the Costas Loop implementation loss. Essentially the re-

moval of the data by the Costas Loo degrades carrier tracking by

raising the thermal noise density.ýT1 The degradation factor

[I + N 0s A is included in Equation (12b).

10-r*=*-('-- ____________________________________________
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2 -s • •.! H(j0) 2 d w rad2 (12b)n - 2E R 2 OD

where the data rate filters in the Costas Looplnve low pass band-

widths of Re Hz.

4.1.1 Total Mean Square Carrier Tracking Error

Three sources of carrier tracking error have been identified.

The manner in which these sources contribute to the total mean
square error should be considered. Recall, it was required that

the phase error in the Costas Loop be small. Therefore, the loop

is linear. Since the carrier and the additive noise are uncor-

related, the total mean square tracking error is

2 2 2 2 2
Te n + aDe2 + a e rad (13)n~ Den

where 2re- = mean square error due to doppler rate

a e = mean square error due to phase noise

S2= mean square error due to additive white noise• n

4.2 RELATIONSHIP BETWEEN SPECTRAL DENSITY AND PROBABILITY OF ERROR

In order to relate composite spectral density and the probabil-
ity of error, it is necessary to decide on a form for the phase
noise spectral density. If crystals are employed in the system,

the dominant type of phase noise close to the carrier is flicker

of frequencyE4 '9 1  However, if frequency synthesizers are employed,
the dominant type of phase noise close to the carrier is flicker

[10]of phase0. In either case, a model of the phase noise power
spectral density can be constructed as in Figure 3.

There are various points on Figure 3 that require further

explanation. Note that the spectrum is terminated at 2rR.. The
carrier tracking Costas Loop has two data rate filters that pre-
clude the spectrum beyond 2Rs. from having any significant affect

on carrier tracking. The spectrum is not defined in a region 2-tB
( radians/sec around the carrier. As explained in Section 2.6, this

Sexplaine



S%(w) Plot of SO(W) vs W

as measured in a B
Hz band

/ flicker of frequency ----

Sflicker of phase

/

-2nR 5  0 C3 CI +27rRs w

Figure 3. oM!z! ,f Phase Noise Power Spectral Density

is due to the resolution capability of measurement techniques.

However, I B << fn (the loop natural frequency), this region
contributes negligibly to carrier tracking error.

It should be noted that if relatively clean crystals and

frequency synthesizers are employed for frequency translations in

"a system, the two spectra of Figure 3 would be added to produce

"a composite phase noise spectrum. If the crystals and synthesizers
were quite noisy, the composite spectrum would be the convolution

of the two spectra.

Utilizing the spectral model of Figure 3 and Equation (10),

a composite mean square tracking error due to phase noise can be

calculated.

2 -21Rs hl H( jw)12 dW w (1)
ec :J-a_2n.RH

+ .L2TR h H(J) 2 dw 6(k) rad2 (14)

( s() a rJ'fleekr dla * 12whr Oee = composite mean square error due to phase noise

S6(') - Kronecker delta

12
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In Equation (14), if k 0 and 1 0, both Clicker of

frequency and phase are present.

By substituting Equations (11), (12) and (14) into Equation

(13) the composite mean square tracking error can be determined.

e2 :L f 21T 8 h" 6(k) h11 2
21 f 8(1) +r ~ 6()I -H(iw)j d

"Te- 2nR [Fl ' wI

N (15)
4MN 1+0 [22

o )[ s IHIJW)I2dw +-T rad2
2n2FEaR 3j 2

Note that Equation (15) is a function of ¼, h 3 , Es/Ao0 .R5,

td' wn, and H(s). System requirements dictate the values of fd and

E s/N . H(s) is required to be a second order loop transfer function,

thus, it is defined if C, the damping factor, and wn, the natural

frequency, are indicated. In order to simplify the analysis, a

C of 0.707 will be employed.

The contribution to the total mean square error due to phase

noise is evaluated in Appendix C. Equation (15) may be rewritten

asN

IN + -nB) ( 20 E (1.06 w 2n-

hl• 1[6 Wn + ( 2rR s) 4 h 6k It (2"•s)2

Cub i rad2 2T w
(16)

tan ¶2 tad2

Recall in Section 2.6, it was required that B << fn, there-
fore Equation (16) becomes,

(

13 =



'V

I',

N t'+tiO
Te 2E5sR5  q4.l06 wn) +w2d

* -64i In + 4  (17)

* h 6(k) tan-l ( 2-Rs•

2n%2wn

Let's define a parameter y, the ratio of the data rate to

the loop natural frequency.

Y ý R Rslf (18)

Using Equations (18) and (17), the total mean square error can

be written asIN

"Te 2E "-- ÷ýrR8202~! L0 i 6.66 + 2nR21 5"

h• 1 6(1) 4 h 326(k)
+ --- In [1 4- y + 2 tan-I ()

Equation (19) can be broken Into its four parts and the

values of each part can be evaluated separately. Plots of the
various mean square errors as functions of y appear in Graphs 1-4.

Graphs 1, 2, 3, and 4 can be utilized to derive a composite

spectrum specification for the modulation system input. Appendix

D provides an example of such a spectrum derivation. ".ppendix E

derives the degradation due to phase noise of a common oscillator.

As a reference, a short term stability measurement for the same

( oscillator is also given.

14
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APPENDIX A
I

iDERIVATION OF RELATIONSHIP BETWEEN PHASE NOISE PO-WERk SPECTRAL DENSITY S3 (w) AND THE FM MODULATION INDEX B

If a signal is such that its sidebands are orders of

magnitude smaller than the carrier-, the AM power spectral density

is negligible, and the mean square value of phase is much less
than 1 rad 2, the spectrum of the composite signal can be represented
as

SR(w) = P12 CS (w + w) + S(w - w)J (A-i)

where P = carrier power
SRF(w) = composite signal spectrum

S (w) = epectrum of phase noise

w = carrier frequency

Equation (A-i) holds for all frequencies except those within

a small region around ±w

"If the power in a B Hz bend, fm Hz from the carrier frequency
were measured, its value would be

w +221(f+B/2)k2s (2SU dw (A-2)

If B is very small, SRF(w) is essentially constant over the

interval. Therefore Equation (A-2) becomes

P fm s R ( w + 2Trfm) (A-3)

Substituting Equation (A-I) into (A-3) and recognizing that

only S (w-w ) contributes to the integral of (A-2), Eauation (A-4)
results

SPfm FBeSw(••rfm) (A-4)
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Phase noise may also be viewed as a phenomena that essen-

tially narrowband frequency modulates the carrier. Therefore, the

power in a BHz band, fm Hz from the carrier can be approximated

as[5]

PM= (02/4 F (A-5)

Combining Equations (A-4) and (A-5), SC (w) can be defined as
a function of 0.

02
= S(2nfm) (A-6)

If S (w) were a one-sided spectral density S'(w) Equation

(A-6) would become

8 2
3= 3  (2nfr) (A-7)

The modulation index B is defined as

4 = -f (A-B)

where Mf = peak frequency deviation
fm' = frequency of modulation 4

Substituting (A-8) into (A-6), we derive

Af2 = 4Bf.2 S(2nfm) (A-9)

Equation (A-9) demonstrates that Af is a unique function of

S (w) (only positive values of Af have significance).
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APPENDIX B

RELATIONSHIP BETWEEN PHASE NOISE POWER-TO-CARRIER POWER RATION
AND PHASE NOISE SPECTRAL DENSITY

The following analysis is valid when the carrier spectrum

sidebands are of the same shape as! the phase noise spectrum (see

Equation (2)).

Phase noise power at fý Hz from the carrier is determined by

measuring the power in a BHz band f Hz from the carrier.m

Using Equation (5) this same power can be ralculated as in
Equation (B-i).

2Tn(fm+B/2) f2¶(f+B/2 d
=" sRF (w) dw + y-J No12 d-w

2n(m-B/2) 2n,( -B/2)
(m-1)

Substituting Equation (2) into (B-I) we get

. , o+2.fm+B/2)

Np1  = f 2+(fm-B/2) P/2[S ,(w + We) + Sj(w - ino)) dw

(B-2)
+ BN0

If B is relatively small, S (w) is essentially constant over

the region of integration. Therefore, Equation (B-2) becomes

NJ = PSq,(2nfm)B + o(--)

If B is 1 Hz, Equation (B-3) becomes

NjPB = PS=(2nf) + N (B-4)

Recognizing that the carrier power is P, the ratio of phase
( noise power to carrier power becomes

23



Ai

=S (2rifm3B + LoB (B-5)

II P

No = One sided noise density

P = Carrier power

B = Bandwidth of measurement in Hz

i24
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APPENDIX C

EVALUATION OF MEAN SQUARE TRACKING ERROR
DUE TO PHASE NOISE

From Equation (14) of the text, the composite mean square

error due to phase noise is

2TTR
Gec tT-TR 6 M( + 6 (k)] Il-I(iw)I2aec I I I

(C-1)

where 6(.) is the Kronecker delta

Evaluate each integral separately. The error due to flicker

of phase for a loop with C= .707 is

Gep 2  _ % f2r-Rs h w4
-nd +w

(

ep [*l W n wY 4  + 1R
hW 1 ¼4 In [ wn4 + Wu4]

2~~~~ ~ h-- 4+2rRS

e = 'A jjTn w~+n) 1 (C-2)
hl + (T•Rs)

The error due to flicker of frequency for a loop with C .707

is

2 -1 2 2aBR5

* .~ ~25
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APPENDIX D I

DERIVATION OF PHASE NOISE-SPECIFICATION FOR PHASE II

CALCULATION OF OPTIMUM LOOP BANDWIDTH

For a loop that must operate In the presence of thermal noise

and acceleration, the total mean square tracking error is

2 2 2

an 2 (D-1)Te De

=B/wn - A¶

S~where
w eB [213 0 2 mean square tracking error

D e due to doppler rate (accel-

1.06 N 2 eration)

A [1 + o/EN ;A = mean square tracking error
0s n due to thermal noise.

2Minimize a with respect to wn
Te

4 2
dOTSdO~e Bn-5

e - .Bw +A =0
aw

*,5 45
- rw,=n5 = A4

n A

1/5
A%= ~ (D-2)

Equation (D-2) gives the optimum value for the loop natural

frequency. Substituting Equation (D-2) into Equation (D-l), the

minimum value of the total mean square tracking error can be

calculated.
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i2 B +A 4B) 15
0T min 4B) 1175- +A

( +

B+ ()

2 .5B 2

Te ain 4 75 5 aDe2 mn (D-3)

From Equation (D-3) the value of the minimum mean square
tracking error due to doppler is

Dmin 5 Te min (D-4)

Equation (D-4) can be rewritten using Equation (D-l)

B 2 (D-5)
C4 m 5 Te minnnin el

Solving Equation (D-5) for wn mmn

in1m/n (D-6)

For Equation (D-6) the value of B is defined by the system
Ig requirement and the downlink rf frequency. The value of
a T2 min can be selected on the basis of degradation to Es/No
(s~e Table A). Therefore the value of win can be determined.n minrind

For a loop that must operate only in the presence of thermal
noise the total mean square tracking error is

(
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2 2

Te n

Awn ,(D-7)

where A Is defined in Equation (D-i).

Solving Equation (D-7) £01' w1n gives

2
!y Ae 

(D-8)

The value of A is defined by the data rate and E8 /No. The
value of aTe can be selected on the bad s of degradation to Es/No

(see Table A). Therefore, the value of wn can be determined.

TABLE A

aTe2 (rad2 ) Degradation to Es/No (dB)

0.027 0.1

S0o.045 0.2
o.o66 0.3

o.o88 o.4
0.108 0.5

0.129 o.6
0.148 0.7
0.168 0.8

0.187 0.9
0.205 1.0

DERIVATION OF PHASE NOISE SPECIFICATION

In this analysis the following parameters will be used

B = £1.54 x l0 3 e2  for Ig at 7.5 OFz

2 o.148 rad2  for 0.7 dB degradation in E8 /N 0 due to

" 0Te carrier traciking

29
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A = 3.1 X 10-3 for operation at (E AO = 2.5 dB
into the Costas Loop Rs = 150 bps

Y= 29 ratio of data rate to loop corner
frequency typical of Phase II, Stage II

The major source of phase noise in Phase II will be flicker
of phase produced by the frequency synthesizers.

If the phase noise is restricted to contributing no more than

1% of the total mean square tracking error (Te2 ), we have

a 2 = 0.00148 rad2  
(D-9)

From Graph 3 for = 29 we find

2 h,(1.05) (D-lO)op

Combining Equations (D-9) and (D-10) and solving for h1 gives

I = 1.41 x IO-3 (D-11)

From Table I of Section 2.4, the power spectral density
of the phase noise is

S (w) 1 i.41 x 10-3 (D-)

or .(2nf

s ( M r. 0 (D-13)

Substituting Equation (D-13) into Equation (Sa) when B - I Hz,
the following expression for the phase noise power to carrier power
ratio is obtained

N ._ = -2.2 x 1 0 -4 X ( D.-l 1

Ir I

It should be noted that Equation (D-14) Is based on a two-
sided spectrum.
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The value of C/KT should be selected on the basis of the

terminal and satellite with which the modulation subsystem is

employed. Full satellite power should also be allocated. It

should be noted at this point that the satellite due to the crystals

emoloved,will generate flicker of frequency phase noise. Because

of a present lack of information as to the satellite spectral

purity, the flicker of phase contributed by the terminals will

be considered the major source of phase noise.

For illustrative purposes a C/KT of 80 dB corresponding to an

AN/TSC-54 in the earth coverage channel of the Phase II satellite

will be used. Graph D-l is a plot of the phase noise power-to-

carrier power ratio verses offset frequency. The plot is based on

the assumptions of this appendix which are listed below.

a T 0.148 rad for a 0.7 dB degradation in E3 IN 0
e due to imperfect carrier regeneration

2 = 0.001148 rad2  for a 1% contribution to total mean
p

square error by flicker of phase,

phase noise

S= 29 Data rate to loop corner frequency ratio

typical in Phase II Stage II operations

B = I Hz Phase noise power is measured in a I Hz

band

An interpretation of the significance of Graph D-l is as

follows, if the phase noise power to carrier power ratio versus

offset frequency curve obtained at the input ;o the modulation

subsystem falls below that of Graph D-l, the phase noise

specification shall have been satisfied.
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TABLE B

f 2.215 fx 101o- 10o-8 N /PdI m

1 2.25 x 10-4 -36.5

10 2.25 x 105 -46.5
100 2.25 x 10-6 -56.5

1000 2.35 x 10-7 -66.3

2000 1.225 x 10 -68.7
40ooo 6.6 x 10-8 -71.8
7000 4.2 x 10-8 -73.8

10,000 3.25 x 10 -8 -74.9
20,000 2.225 x 10-8 -76.5
40,0oo 1.56 x 1o- 8  -78.1

70,000 1.32 x 10-8 -78.8
1 00,000 1.225 x 10-8 -79
200,000 1.125 x 10-8 -79.5
4oo,ooo 1.o56 x 10-8 -803

700,000 1 x I0-8 -80

(
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4 APPENDIX E

""T.hr purpose of this Appendix is to establish some "feel" for

-. h degradation in Eb/NO results from a synthesizer with a

:!,r?, r:':quency stability.

:,)e iewlett-Packard 5100 B will be u.sed -n the exam,,Ie.

, "- . contains a plot of the SSB signal to Hz BW noise

• -t* : :s a function of offset frequency for the HP 5100 B. This

! - Ls equivalent to the upper side band of the phase noise

t-r.li density, S (w). From the graph of Figure E-1, it can be

r r,-,l-ied that S (w) is of the form

S( h (h-1)
TwT

rf r uffset frequencies less than 103 Hz. The value of h can be

, 't-tai'ined from the plot to be 2n x 10- 8 .

O 000z0

I 0  r g527

OFSTFROM S'GNAL Ha

Pigure 1-l. Composite Phase Noisqe for
Hewlett-Packard Synthesizer

(
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If the 50 MHz 5100B signal were used as a carrier for a PSK

(" modulator, the phase noise would be directly transfered to the

PSK signal. Upon demodulation the mean square carrier tracking
error due to such phase noise for a data rate to loop corner fre-

quenuy ratio, y, of 37.5 can be read directly from Graph 3 of the

text.

a 2= 2w x 10-8 (1.14)

- 7.15 x 108 (E-2)

It should bi noted that y's of 37.5 may be encountered in

Phase II modulation subsystems.

The degradation in Eb/N° due to the variance of Equation E-2

can be calculated using Equation (9) of the text.

L -- 10 log1 0 (0 - a 2) dB

- -10 logl 0 (0.9999999285)

ee
ft -10 1 [_U 2] (E-3)

,log e10

L f 3.11 x 10- 8 dB

Equation (E-3) implies that the degradation due to phase
noise Is negligible for a PSK system utilizing the HP 5100 B at
50 MHz. The short term stability of the 5100 B for a 10 ms
averaging time, with a 30 kHz noise bandwidth is 6 x 10-10 at
50 MHz.

It should be noted that the preceeding example is not entirely
relevant to Phase II Operations. In Phase II terminals the output
of frequency synthesizers will have to be converted from MHz to
GHz. These conversions will significantly increase the effects of
phase noise and long term frequency stability. Consideration will
be given to these problems in subsequent work. .
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